Experimental osmotic second virial cross coefficients are reported for linear and 8-arm star polystyrenes in three solvents: toluene, cyclohexane and methylcyclohexane. The To relate the macroscopic second virial coefficient to microscopic interactions, the potential of mean force between linear and 6-arm star polymers was computed by molecular simulation. The interaction between non-bonded polymer segments is given by a square-well potential. Well width was set equal to one half of the segment diameter.
Introduction
The osmotic second virial coefficient is useful for describing interactions between a pair of large solute molecules in dilute solution. Light scattering and osmometry are commonly used to measure the osmotic second virial coefficient at different solvent conditions. Numerous articles have reported osmotic second virial coefficients for dissolved single polymers 14 and for aqueous proteins 5 -7 . Only few reports have appeared for two-solute systems (see, for example, reports on the interaction between polymer and protein 8 ' 9 , between different proteins 10 , and between different polymers 8 ' 9 ).
This work reports osmotic second virial coefficients for pairs of polymers that are chemically similar but have different architectures.
Second osmotic virial coefficients for linear and star polymers have been reported 11 ' 12 ) .
Applications of mixtures of star and linear polymers are under development (see, for example, Guo et al. 13 and references therein). For example, starlinear polymer mixtures are suitable for coatings and paints 14 . Star polymers with many low-molecular-weight arms can be considered as spherical, colloidal particles 15 ; colloidal dispersions are used in paints, inks, electronics, ceramics, oil recovery and bioseparations (for a detailed discussion, see Hiemenz and Rajagopalan 16 ). In many ofthese dispersions, polymers are also present, either to enhance the stability of the dispersion (e.g. manufacture of inks and paints) or to promote separation of the colloids (e.g. protein precipitation by nonionic polymers). Efforts are in progress to understand the potential of mean force between colloidal particles in a polymer-containing solution, by theoretical calculations (for a discussion, see Yethiraj et al. 17 ) or by computer simulation 18 ' 19 . Experimental osmotic virial cross coefficients are needed to test theoretical results.
In this work, we studied experimentally solutions of 8-arm-star and linear polystyrenes at different conditions. Solvents used were toluene, cyclohexane and m:ethylcyclohexane. At normal experimental temperatures, toluene is a good solvent for both · polymers; cyclohexane and methylcyclohexane are good solvents for star polystyrene, but they are theta and poor solvents for the linear homologue 20 .
The experimental second virial coefficients provide information on overall interactions between linear and star polymer in dilute solutions. However, they do not 2 provide insights concerning microscopic interactions between the different pol)'mers.
Monte Carlo simulation calculations were therefore used to compute the potential of mean force for a simple model of linear and star polymers that roughly mimics the systems studied experimentally.
Materials and Experimental Method
Linear and 8-arm star polystyrenes of comparable molecular weight were used. Table 1 shows polymer properties. Polymers were kept under vacuum for a few days before use. Table 2 shows solvents characteristics; solvents were used as received. A membrane osmometer, model 231, from Jupiter Instrument Co., was used to measure the osmotic pressures of polymer solutions of different composition. The temperature was kept constant at ±0.2°C over a 12-hour period with an electric-resistance heater.
Equilibration required anywhere from twenty to sixty minutes for each polymer solution.
The cellulose acetate membrane had a molecular-weight-cut-off of either 10,000 or 20,000 g/mole.
For a solution of a single polymer in a solvent, the osmotic pressure, ll, is related to the polymer's number-average molecular weight, M, through:
where R is the gas constant, T is the absolute temperature, c is the polymer mass concentration and B is the osmotic second virial coefficient 21 Repulsion between non-like polymers in methylcyclohexane is larger than that in cyclohexane. Because the polymers have the same chemistry, repulsion is probably due to the different architectures of the.interacting polymers. A star polymer has a smaller radius of gyration and a higher segment density at small distances from the center of niass than those for a linear polymer of the same molecular weight (see, for example, Table 4 ).
Experimental Results
The star polymer is a more dense and compact molecule, compared to the linear polymer.
Therefore, a star polymer cannot easily penetrate into another polymer, giving a net repulsion between the two at low separations. To understand better details of the microscopic interactions, we performed molecular-simulation calculations.
Molecular Simulation
The . The square-well potential,
where cr, E, and d represent the segment diameter, the well depth and the center-tocenter distance between two segments, respectively.
To calculate the potential of mean force as a function of the distance between the centers of mass of the polymers, r, we used the algorithm proposed by Hall and 
where N is the total number of linear-star configurations used at each distance, and U 1 (r)
is the statistical weight of each polymer pair at given separation r. This quantity is obtained by:
ul (r) = exp ---;;;;r (5) where <l >J (r) is the potential between the two configurations. Subscripts i and j refer to the interacting polymers, either linear or star. This quantity is equal to infinity if at least one segment of one polymer overlaps with a segment of the interacting polymer. If there are no overlaps, it is equal to the number of segment pairs belonging to the two interacting polymers distant less than 1.5 times the segment diameter cr, multiplied by the well depth. 
where NA is Avogadro's number. From the potential of mean force, it is also possible to compute the radial distribution function, gij (r), as a function of the distance r:
-wij (r) g ii (r) = exp ---;;;;T
The results shown are the average of at least three different runs. Table 4 shows calculated radii of gyration for all polymers at different solvent conditions. At each solvent condition, the radius of gyration for the 6-:-arm star polymer is smaller than that for the linear chain with the same number of segments. Figure 1 shows the radial distribution function as a function of the distance between centers of mass for the linear 10 o-linear 100 , star-star, and linear10o-star pairs at athermal conditions. The radial distribution function for the linear-star pair is always 6 within the radial distribution functions of the linear-linear and star-star pairs. Figure 2 shows the radial distribution function as a function of the distance between centers of mass for the linearwo-linear 100 , star-star, and linearwo-star pairs for a well-depth equal to-0.40 kaT. The radial distribution function for the linearwo-star case shows that penetration between star and linear polymer is possible, even though less probable than that between two linear 100 polymers. At distances between 5 and 10 times the segment diameter, the attractive potential between two different polymers is weaker than that between two like polymers. The difference between B 'Is and B '11 at poor solvent conditions is higher for interacting polymers of the same molecular weight because for both a flexible or a compact structure it is easier to penetrate a linear 200 polymer than a linear 100 polymer 26 .
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